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(57) ABSTRACT 

A method for forming a nitrided gate oxide over a Silicon 
Substrate in a Semiconductor device fabrication process 
including providing a Silicon Semiconductor Substrate; ther 
mally growing a gate oxide layer including Silicon dioxide 
over the Silicon Substrate; plasma treating the gate oxide 
layer including a plasma Supplied with a plasma Source gas 
including at least one of helium, hydrogen, deuterium, and 
oxygen; plasma nitriding the gate oxide layer according to a 
plasma treatment including a plasma Supplied with a plasma 
Source gas including nitrogen; and, thermally annealing the 
Silicon Semiconductor Substrate including the gate oxide 
layer according to at least one annealing treatment. 

17 Claims, 1 Drawing Sheet 
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METHOD FOR PLASMA TREATING AND 
PLASMA NITRIDING GATE OXDES 

FIELD OF THE INVENTION 

The present invention relates generally to CMOS device 
fabrication processes and, more particularly, to a method of 
manufacturing gate Structures particularly a method for 
forming nitrided gate oxides having improved electrical 
properties including leakage current and improved charge 
mobility. 

BACKGROUND OF THE INVENTION 

Fabrication of a metal-oxide-semiconductor (MOS) inte 
grated circuit involves numerous processing Steps. A gate 
dielectric, typically formed from Silicon dioxide, is formed 
on a Semiconductor Substrate which is doped with either 
n-type or p-type impurities. For each MOS field effect 
transistor (MOSFET) being formed, a gate electrode is 
formed over the gate dielectric, and dopant impurities are 
introduced into the Semiconductor Substrate to form Source 
and drain regions. Many modern day Semiconductor micro 
electronic fabrication processes form features having leSS 
than 0.25 critical dimensions, for example more recent 
devices include features sizes of less than 0.13 microns. AS 
feature Size decreases, the size of the resulting transistor as 
well as transistor features also decrease. Fabrication of 
Smaller transistorS allows more transistors to be placed on a 
Single monolithic Substrate, thereby allowing relatively large 
circuit Systems to be incorporated on a Single die area. 

In Semiconductor microelectronic device fabrication, 
polysilicon and silicon dioxide (SiO2) are commonly used to 
respectively form gate electrodes and gate dielectrics for 
metal-oxide-semiconductor (MOS) transistors. As device 
dimensions have continued to Scale down, the thickness of 
the SiO gate dielectric layer has also decreased to maintain 
the same capacitance between the gate and channel regions. 
A thickness of the gate oxide layer of less than 2 nanometers 
(nm) will be required to meet Smaller device design con 
Straints. A problem with using SiO2 as the gate dielectric is 
that thin SiO2 oxide films may break down when subjected 
to electric fields expected in Some operating environments, 
particularly for gate oxides less than about 50 Angstroms 
thick. In addition, electrons more readily pass through an 
insulating gate dielectric as it gets thinner due to what is 
frequently referred to as the quantum mechanical tunneling 
effect. In this manner, a tunneling current, produces a 
leakage current passing through the gate dielectric between 
the Semiconductor Substrate and the gate electrode, increas 
ingly adversely affecting the operability of the device. For 
example, as current leakages increase the gate oxide is no 
longer completely capacitive and has a resistive component. 
AS a result, the device will require a large amount of Standby 
power, diminishing the commercial value of a device. 
Related to the current leakage problem in thin gate oxides, 
is the formation of trapping States and interfacial charged 
States at the Silicon/gate dielectric interface which increas 
ingly adversely affects device electrical characteristics. For 
example, as the trapped charges accumulate over time, the 
threshold Voltage V may shift from its design specification. 

Because of high direct tunneling currents, SiO2 films 
thinner than about 1.5 nm cannot be reliably used as the gate 
dielectric in CMOS devices. One method to counteract the 
effects of leakage current has been to incorporate nitrogen 
into the gate oxide, to increase the effective dielectric 
constant of the gate oxide therefore allowing a relatively 
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2 
thicker nitrogen doped gate oxide to be formed with a 
capacitance comparable to a relatively thinner SiO gate 
oxide. One approach in the prior art has included plasma 
nitriding (nitridation) methods whereby nitrogen ions are 
implanted into the Surface of the gate oxide after forming a 
thin thermally grown SiO layer, for example about 50 
Angstroms to about 150 Angstroms. Other methods of 
nitriding of the gate oxide have additionally been proposed 
including thermally growing gate oxides in the presence of 
ammonia (NH) or in the presence of nitrous oxide (NO) in 
a rapid thermal oxidation (RTO) process. Through the 
provision of an NH ambient during oxide growth, nitrogen 
can be incorporated at concentration levels up to about 10 wt 
% while growing oxides in an NO ambient results in a 
lower wt % nitrogen incorporated into the gate oxide, for 
example about 1 to about 2 wt %. A shortcoming of using 
NH as a ambient for nitriding is the presence of hydrogen 
in the gate oxide creating electron trapping Sites which can 
increase current leakage. A shortcoming of the using N2O as 
an ambient for nitriding is the limited amount of nitrogen 
that can be incorporated into the gate oxide. 
Another advantage of nitriding of gate oxides, for 

example at the gate oxide/gate electrode interface, is the 
formation of a diffusion barrier for doped impurities. For 
example, boron is frequently used for doping polysilicon 
gate electrodes and tends to diffuse from acroSS the gate 
oxide into the Silicon Substrate channel region thereby 
degrading device performance. An advantage of plasma 
nitriding has been thought to be the ability to incorporate 
nitrogen at the gate oxide/gate electrode interface to accom 
plish both the goals of creating a diffusion barrier and to 
reduce current leakage by increasing the dielectric constant 
of the gate oxide thereby allowing the formation of thicker 
gate oxides dielectrically equivalent to a thinner SiO2 gate 
oxide, also referred to as a reduced effective oxide thickness 
(EOT), without the corresponding increase in tunneling 
(leakage) current. On the other hand, a shortcoming of this 
approach is the relative lack of nitrogen at the Silicon/gate 
oxide interface which is believed to have the beneficial effect 
of reducing the level of trapping and interface States which 
contribute to current leakage. Another shortcoming of the 
plasma nitriding approach has been the effect of decreased 
charge mobility in the gate oxide resulting from nonuniform 
distributions of nitrogen within the gate oxide. 

Therefore it would be advantageous to develop an 
improved method for formation of nitrided gate oxides that 
both reduces gate oxide current leakage while maintaining 
charge mobilities for improved device performance. 

It is therefore an object of the invention to provide an 
improved method for formation of nitrided gate oxides that 
both reduces gate oxide current leakage while maintaining 
charge mobilities for improved device performance while 
overcoming other shortcomings and deficiencies of the prior 
art. 

SUMMARY OF THE INVENTION 

To achieve the foregoing and other objects, and in accor 
dance with the purposes of the present invention, as embod 
ied and broadly described herein, the present invention 
provides a method for forming a nitrided gate oxide over a 
Silicon Substrate in a Semiconductor device fabrication pro 
CCSS. 

In a first embodiment, the method includes providing a 
Silicon Semiconductor Substrate; thermally growing a gate 
oxide layer including Silicon dioxide over the Silicon Sub 
Strate; plasma treating the gate oxide layer including a 
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plasma Supplied with a plasma Source gas including at least 
one of helium, hydrogen, deuterium, and oxygen; plasma 
nitriding the gate oxide layer according to a plasma treat 
ment including a plasma Supplied with a plasma Source gas 
including nitrogen; and, thermally annealing the Silicon 
Semiconductor Substrate including the gate oxide layer 
according to at least one annealing treatment. 

These and other embodiments, aspects and features of the 
invention will be better understood from a detailed descrip 
tion of the preferred embodiments of the invention which are 
further described below in conjunction with the accompa 
nying Figures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a croSS Sectional Side view of an exemplary 
CMOS transistor according to an exemplary implementation 
of an embodiment of the present invention. 

FIG. 2 is a croSS Sectional Side view of a portion of a gate 
Structure including a gate oxide according to an exemplary 
embodiment of the present invention. 

FIG. 3 is a proceSS flow diagram including Several 
embodiments of the present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

Although the method of the present invention is explained 
with reference to the formation of an exemplary gate oxide, 
it will be appreciated that the method of the present inven 
tion may be adapted for the formation of dual thickness gate 
oxides, for example, gate oxides having varying thicknesses 
depending on the type of polysilicon gate electrode doping, 
for example boron or arsenic in the formation of, for 
example, a PMOS or an NMOS transistor. The term “sub 
Strate' is defined to mean any Semiconductive Substrate 
material including conventional Semiconductor wafers. 

Referring to FIG. 1 is shown a cross sectional side view 
of an exemplary CMOS transistor having a gate oxide 11 
according to an exemplary implementation of the present 
invention. Shown is a Semiconductor Substrate 12, for 
example a Silicon Substrate including lightly doped regions 
e.g., 14A, Source/drain regions, e.g., 14B and shallow trench 
isolation regions, e.g., 16 formed in the Silicon Substrate by 
conventional methods known in the art. The regions 14A and 
14B are typically formed following the formation of the gate 
Structure by ion implantation and annealing processes 
known in the art. Typically the ion implantation process is 
carried out following formation of the gate electrode 18, for 
example, polysilicon, formed over the gate oxide 11. The 
gate oxide is preferably grown as one of a pure SiO layer 
and a nitrided SiO layer. 

Still referring to FIG. 1, the gate structure is typically 
formed by conventional photolithographic patterning and 
anisotropic etching Steps following polysilicon deposition. 
Following gate Structure formation a first ion implantation 
proceSS is carried out to form LDD regions e.g., 14A in the 
silicon substrate and to dope the polysilicon electrode 18. 
Sidewall Spacers e.g., 20A, are formed including for 
example at least one of Silicon oxide (e.g., SiO2), Silicon 
oxynitride (e.g., SiON), and silicon nitride (e.g., SiN) 
including multiple layered spacers by methods known in the 
art including conventional deposition and etchback pro 
cesses. A Second ion implantation proceSS is then carried out 
to form the Source/drain regions e.g., 14B in a Self aligned 
ion implantation process where the Sidewall Spacers e.g., 
20A act as an implantation mask to form N type or P type 
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4 
doping regions depending on whether a PMOS or NMOS 
type device is desired. 

Referring to FIG. 2 is shown a cross sectional side view 
of a portion of a gate oxide region. Shown is Silicon Substrate 
20 and gate oxide 22 thermally grown over the Silicon 
Substrate. In a one embodiment of the present invention, the 
silicon Substrate 20 is cleaned prior to the formation of the 
overlying gate oxide layer 22. Preferably, the Silicon Sub 
Strate is cleaned using Standard cleaning 1 (SC-1) and/or 
Standard cleaning-2 (SC-2) Solutions, which may be indi 
vidually or Sequentially used cleaning Solutions including 
mixtures of NH4OH-H2O2-H2O, and HCL-H2O2-H2O, 
respectively. 

In one embodiment, a gate oxide 22 of Silicon dioxide 
(SiO2) is grown by conventional methods over the Silicon 
substrate 20 to a thickness of about 5 Angstroms to about 30 
Angstroms, more preferably about 5 to about 20 AngStroms. 
For example, the growth proceSS can take place in a reduced 
preSSure oxygen ambient, for example from about 0.01 atm 
to about 1 atm. Alternatively, an oxygen ambient can be 
diluted with an inert gas Such as argon or nitrogen from 
about 5% by volume to about 15% by volume. The gate 
oxide growth process may Suitably include a dry oxide 
growth process or an ISSG process (in-situ-Stem generated) 
process and may include a rapid thermal oxidation (RTO) 
process or a furnace oxidation process. For example, the 
gate oxide growth process is Suitably performed at tempera 
tures from about 850 C. to about 1050 C. depending on the 
proceSS. 

In another embodiment, a thermally grown nitrided gate 
oxide is formed by conventional methods preferably having 
a thickness of about 5 Angstroms to about 30 Angstroms, 
more preferably, about 5 Angstroms to about 20 Angstroms. 
Preferably, the nitrided gate oxide is grown in an atmosphere 
including oxygen and at least one of nitric oxide (NO) and 
nitrous oxide (N2O) in a parallel oxidation/nitriding 
(nitridation) process by conventional methods known in the 
art to achieve a nitrogen concentration of about 0.5 wt % to 
about 2 wt %. Optionally, a conventional thermally grown 
SiO gate oxide or nitrided SiO gate oxide is followed by 
a conventional nitriding (nitridation) annealing process in an 
ambient including at least one of NH, NO and N.O. The 
nitriding annealing process is leSS preferred since the incor 
poration of nitrogen into the gate oxide is leSS uniformly 
distributed compared to a parallel oxidation/nitriding pro 
ceSS. In addition, the use of NH is leSS preferred since 
residual hydrogen formed in the gate oxide is believed to 
increase electron trapping which is detrimental to device 
performance. Preferably, the concentration of nitrogen 
incorporated into the gate oxide following a nitriding 
annealing process is less than about 5 wt %. The preferred 
wt % is together with Subsequent processes achieves a 
nitrogen distribution with optimized charge mobility and 
current leakage characteristic of acceptable device perfor 

CC. 

Following the gate oxide formation, in one embodiment, 
according to the present invention the gate oxide is Subjected 
to a plasma nitriding treatment. Preferably, the plasma 
nitriding treatment is carried out with an RF power of about 
100 Watts to about 1000 Watts, more preferably, about 200 
Watts to about 600 Watts. In one embodiment, the plasma 
nitriding treatment is preferably carried out at low preSSures, 
for example from about 1 milliTorr to about 100 milliTorr. 
The plasma nitriding treatment in another embodiment pref 
erably includes a pre-heating Step to degas the proceSS wafer 
including the gate oxide prior to the plasma treatment where 
the substrate is heated to about 300° C. to 400° C., more 



US 6,649,538 B1 
S 

preferably about 350° C. for about 60 seconds to about 180 
Seconds. In a first Step the plasma nitriding treatment is 
preferably carried out at a pressure of from about 1 milliTorr 
to about 50 milliTorr, more preferably from about 3 milli 
Torr to about 20 milliTorr. Individually fed or a premixed 
mixture of plasma Source gas is Supplied to ignite and 
maintain the plasma. The plasma Source gas preferably 
includes nitrogen (N) at a volumetric concentration of 
about 50% to about 100% with respect to the total volume 
of the plasma Source gas. The plasma Source gas preferably 
includes an inert gas, preferably, helium, to make up a 
remaining Volume percent, if any, of the plasma Source gas 
Volume. The plasma nitriding treatment is preferably carried 
out for a period of about 20 seconds to about 200 seconds, 
most preferably about 60 to about 180 seconds. In one 
embodiment, the total weight percent of nitrogen in the gate 
oxide following the plasma nitridation Step is between about 
3 weight percent and about 9 weight percent. 

Optionally, an RF bias is applied to the proceSS wafer at 
a power level of about 100 Watts to about 400 Watts to assist 
in adjusting a negative DC Self-bias Voltage developed 
between the plasma and the process wafer, for example 
between about -100 Volts and -250 Volts. It will be appre 
ciated that the magnitude of the Self-bias Voltage will depend 
on the electrode areas and amplitudes of the RF power and 
RF bias. For example, it has been found that an RF bias can 
have a beneficial effect with respect to nitrogen penetration 
into the gate oxide Surface by enhancing plasma ion Surface 
bombardment momentum. 

In another embodiment, a Surface preparation plasma 
treatment is optionally performed on the gate oxide prior to 
the plasma nitriding treatment of the gate oxide. Preferably, 
the Surface preparation plasma treatment process includes a 
plasma Source gas including helium, for example preferably 
from about 50 volume 76 to about 100 volume 7% of the total 
Volume of the plasma Source gas. However, other plasma 
Source gases including, hydrogen (H), Oxygen (O), or 
deuterium (D) gases may be used in addition to helium or 
as an alternative plasma Source gas. Hydrogen and deute 
rium are leSS preferred Since it is believed residual hydrogen 
in the gate oxide contributes to the formation of electron 
traps which degrade device performance. Helium is pre 
ferred due to its inertneSS and lower momentum transfer 
during plasma processing believed to result in a lower level 
of plasma damage compared to other plasma gas Sources. 
The preferred plasma process conditions for the Surface 
preparation plasma treatment process are the same as those 
detailed with respect to the plasma nitriding treatment 
proceSS. 

Although the precise reason is unknown, the Surface 
preparation plasma treatment, preferably a helium plasma, 
has been found to have a beneficial effect with respect to a 
Subsequently performed plasma nitriding process according 
to preferred embodiment of the present invention. The 
beneficial effect is believed to be related to altering gate 
oxide Surface properties including densification of the gate 
oxide and providing for more effective nitrogen penetration 
in a Subsequent plasma nitriding process. 

Following the plasma nitriding process, the process wafer 
including the gate oxide is Subjected to an optional post 
plasma nitriding plasma treatment. For example it has been 
found that a plasma treatment following plasma nitriding 
together with associated processing Steps improves the gate 
oxide electrical performance compared to conventional 
nitriding processes including an increased charge mobility, 
and reduced current leakage, thereby achieving a reduced 
equivalent SiO gate oxide thickness (EOT). It is believed 
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6 
that the post plasma nitriding plasma treatment improves the 
distribution uniformity of the nitrogen implanted during the 
plasma nitriding process by an atomic collision and locally 
thermally activated process. For example, it is believed the 
post plasma nitriding plasma treatment additionally 
increases the effectiveness of Subsequently performed ther 
mal annealing Steps to increase the uniformity of nitrogen 
distribution within the gate oxide and to optimize nitrogen 
distribution at the Silicon/gate oxide interface. 

Following the plasma nitriding treatment optionally 
including the post plasma nitriding plasma treatment, the 
process wafer including the gate oxide is Subjected to at least 
one annealing treatment, preferably a rapid thermal anneal 
(RTA) at a temperature of about 900° C. to about 100° C. in 
an oxygen containing atmosphere for about 30 Seconds to 
about 180 Seconds. More preferably, the annealing treatment 
includes a low temperature anneal followed by a high 
temperature anneal. Preferably, the low temperature anneal 
is carried out at a temperature of about 400 C. to about 600 
C. in an oxygen containing atmosphere for about 1 minute 
to about 5 minutes followed by a high temperature anneal, 
preferably a rapid thermal anneal (RTA) at a temperature of 
about 900 C. to about 100° C. in an oxygen containing 
atmosphere for about 30 seconds to about 120 seconds. It is 
believed the post plasma nitriding annealing treatment oper 
ates to anneal out plasma damage and more uniformly 
distribute the nitrogen introduced into the gate oxide during 
the plasma nitridation to achieve improved charge mobility 
and is believed to optimize a nitrogen distribution at the 
Silicon/gate oxide interface to reduce electron trapping 
thereby improve device electrical performance. 

Referring to FIG. 3 is a process flow diagram including 
Several embodiments of the present invention. In a first 
process 301 an gate oxide layer having a thickness of about 
5 Angstroms to about 20 Angstroms is thermally grown over 
a Silicon Substrate in the presence of at least one of oxygen 
(O), nitric oxide (NO) and nitrous oxide (NO) ambient to 
form one of an SiO gate oxide layer and a nitrided SiO gate 
oxide layer. In process 303, an optional post nitriding 
annealing process of the gate oxide layer is carried out in the 
presence of at least one of nitric oxide (NO), nitrous oxide 
(NO), and ammonia (NH) ambient. In process 305, a 
Surface preparation plasma treatment of the gate oxide layer 
is carried out with a plasma gas Source preferably including 
helium, but at least one of helium, hydrogen, deuterium, and 
oxygen, according to preferred embodiments. In process 
307, a plasma nitriding treatment of the gate oxide layer is 
carried out according to preferred embodiments. In process 
309, an optional post plasma nitriding plasma treatment of 
the gate oxide layer is carried out with a plasma gas Source 
preferably including helium, but at least one of helium, 
hydrogen, deuterium, and oxygen, according to preferred 
embodiments. In process 311 a post plasma nitriding anneal 
ing treatment including at least a high temperature treatment 
is carried out but preferably including a low temperature 
treatment followed by a high temperature treatment. 
While the embodiments illustrated in the Figures and 

described above are presently preferred, it should be under 
stood that these embodiments are offered by way of example 
only. The invention is not limited to a particular 
embodiment, but extends to various modifications, 
combinations, and permutations as will occur to the ordi 
narily skilled artisan that nevertheless fall within the scope 
of the appended claims. 
What is claimed is: 
1. A method for forming a nitrided gate oxide over a 

Silicon Substrate in a Semiconductor device fabrication pro 
ceSS comprising the Steps of 
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providing a Silicon Substrate; 
thermally growing a gate oxide layer comprising Silicon 

dioxide over the Silicon Substrate; 
plasma treating the gate oxide layer in a first plasma 

treatment Step comprising a plasma consisting essen 
tially of a plasma Source gas Selected from the group 
consisting of helium, hydrogen, deuterium, and oxy 
gen, 

plasma nitriding the gate oxide layer in a Second plasma 
treatment Step after the first plasma treatment Step, 
wherein the Second plasma treatment Step comprises a 
plasma Supplied with a plasma Source gas including 
nitrogen; and, 

thermally annealing the Silicon Substrate including the 
gate oxide layer according to at least one annealing 
treatment. 

2. The method of claim 1, wherein the gate oxide layer is 
thermally grown in an oxygen containing atmosphere 
including at least one of nitric oxide (NO) and nitrous oxide 
(NO). 

3. The method of claim 2, wherein the gate oxide layer 
comprises nitrogen from about 0.5 weight percent to about 
2 weight percent. 

4. The method of claim 1, wherein the gate oxide layer is 
thermally grown to a thickness of about 5 Angstroms to 
about 30 Angstroms. 

5. The method of claim 1, wherein the step of thermally 
annealing comprises a low temperature anneal at about 400 
C. to about 600 C. followed by a high temperature anneal 
at a temperature of about 900° C. to about 1000° C. 

6. The method of claim 5, wherein the low temperature 
anneal is carried out for a period of about 1 minute to about 
5 minutes and the high temperature anneal is carried out for 
a period of about 30 seconds to about 120 seconds. 

7. The method of claim 5, wherein at least one of the low 
temperature anneal and high temperature anneal are carried 
out in an oxygen containing atmosphere. 
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8. The method of claim 5, wherein both the low tempera 

ture anneal and high temperature anneal are carried out in an 
OXygen containing atmosphere. 

9. The method of claim 1, wherein the steps of plasma 
treating and plasma nitriding comprise plasma operating 
conditions comprising a pressure of about 1 milliTorr to 
about 100 milliTorr, an RF power of about 100 Watts to 
about 1000 Watts, and a silicon Substrate temperature of 
about 300 to about 400° C. 

10. The method of claim 9, wherein the plasma operating 
conditions comprise a pressure of about 3 milliTorr to about 
20 milliTorr, an RF power of about 200 Watts to about 600 
Watts, and a silicon Substrate temperature of about 300° C. 
to about 400° C. 

11. The method of claim 10, wherein the steps of plasma 
treating and plasma nitriding are carried out for a time period 
of about 60 seconds to about 180 seconds. 

12. The method of claim 9, wherein an RF bias is applied 
to the Silicon Substrate to adjust a negative DC bias between 
the plasma and the Silicon Substrate. 

13. The method of claim 1, wherein the step of plasma 
treating comprises a plasma gas Source consisting essentially 
of helium. 

14. The method of claim 1, wherein the step of plasma 
treating comprises a plasma gas Source comprising from 
about 50 to about 100 volume percent of the plasma gas 
SOCC. 

15. The method of claim 1, wherein the step of plasma 
treating comprises plasma operating conditions comprising 
a pressure of about 1 milliTorr to about 100 milliTorr, an RF 
power of about 100 Watts to about 1000 Watts, and a silicon 
substrate temperature of about 300° C. to about 400° C. 

16. The method of claim 15, wherein an RF bias is applied 
to the Silicon Substrate to adjust a negative DC bias between 
the plasma and the Silicon Substrate. 

17. The method of claim 1, wherein the gate oxide layer 
consists essentially of Silicon dioxide. 

k k k k k 


